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A problem dealing with the radial steady diﬀusion of an ideal ﬂuid through a pre-stressed ﬁbrous hollow cylinder sub-
jected to ﬁnite deformations is investigated. Such a problem has relevance to several technical problems such as: (a)
improving the method for performing prosthesis conduit for use with living tissue, (b) more understanding the problem
of atherogenesis, and (c) ultra ﬁltration process. The numerical results show that the presence of a pre-stress reduces con-
siderably the sensitivity of the dimensionless trans-mural pressure to imposed dimensionless ﬂux. This eﬀect is conﬁrmed
with respect to the variation of the circular and axial shear.
 2006 Elsevier Ltd. All rights reserved.
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Mechanics of interacting continua (Mixture theory) is a suitable framework to describe the coupled interac-
tion between ﬂuid ﬂow and solid deformation in saturated porous materials, and is a common modelling
approach in both engineering and biology (Rajagopal et al., 1986; Ramtani, 2003, 2006; Bowen, 1976; Rajagopal
and Tao, 1995). Arteries are an example of a biological tissue which may be modelled by mixture theory and for
which the trans-mural ﬂuid ﬂux through the artery wall can be coupled to the deformation of the artery (Rajag-
opal et al., 1981).What is well known is that if the porosity of the artery changes, due to the applied ﬂuid pressure,
then this may enhance or restrict the ﬂux of ﬂuid and proteins through the wall. This process may be linked to
atherogenesis—an accumulation of proteins within the artery wall (Lever and Jay, 1993; Nerem and Cornhill,
1980; Saidel et al., 1987). In general, an understanding of the internal deformation of the artery is hence a nec-
essary link in understanding the relationship between ﬂuid ﬂux, protein accumulation and applied ﬂuid pressure.0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.12.005
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radially, they spring open into sectors. This phenomenon implies the existence of residual stress and strains in
the arterial wall in the non-loaded state (Rachev and Greenwald, 2003; Fung and Liu, 1992). Generally, resid-
ual strain/stress in anisotropic hyper elastic conduit, such as classical tubes, some speciﬁc prosthetic devices
and arteries, can be characterized by the opening angle H0 of the sector-like cross-section. This phenomenon
has been known in arterial wall for at least 40 years and residual strain/stress has implication not only for
stress gradients such as in classical conduit (elastomeric), but also for growth and remodeling in the living tis-
sue (Huang et al., 1998; Omens et al., 2003). In addition to their ability to homogenize the stress ﬁeld in the
arterial wall, residual strains make arteries more compliant and thereby improve their performance as elastic
reservoirs and ensure more eﬀective local control of the arterial lumen by smooth muscle cells.
Another application concerns, hollow ﬁbre reactors, although mostly used for the production of proteins
made by mammalian cells (Chresand et al., 1988; Knazek et al., 1972), have also been proposed for the in vitro
production of mammalian tissues. A hollow ﬁbre reactor consists of a closed vessel ﬁlled with medium and
mammalian cells into which a bundle of semi-permeable hollow ﬁbres is inserted. The hollow ﬁbres provide
nutrients to the cells and eliminate their wastes, mimicking in vivo blood vessels.
Many biological tissues are porous; allow blood ﬂow to supply nutrients to the cells that form the building
blocks of tissue oﬀers residual stress and typical anisotropic behavior that are often caused by the presence of a
number of ﬁber families, arranged in an extra cellular matrix material.
In this contribution, we solve a prototype problem dealing with the radial diﬀusion of a ﬂuid through a pre-
stressed ﬁbrous hollow cylinder of a nonlinearly elastic material. As it has been reported by Gandhi et al.
(1987) and discussed above, this problem has relevance to several important technical problems: (a) improving
the method for performing prosthesis material, particularly vascular, duct and other conduit material for use
with living tissue, (b) understanding the problem of atherogenesis which involves the diﬀusion of plasma lipo-
proteins through the arterial wall, process employing cylindrical tubes for the separation of ﬂuids, and (c)
problems of ultra ﬁltration. The removal of large solutes from water by ﬁltration across semi permeable mem-
branes occurs generally at the arterial ends of vascular beds, and most particularly in the glomeruli of the kid-
neys. This process, known as ultra ﬁltration, is also an important part of the treatment of uremia by
haemodialysis. It is thus important from practical standpoint.
The constitutive equations were motivated by rubber elasticity (Gandhi et al., 1987). However, there is a
great need for understanding of the interaction between steady ﬂuid ﬂow and deformation within the artery
when submitted to complex ﬁnite deformation with respect to various pathological situations. Then, they can
be easily more specialized
2. Basic equations
2.1. Notations
For the sake of completeness and continuity, a brief account of the notions and the basic balance laws of
the theory of interacting continua are introduced following the reference paper (Gandhi et al., 1987). We shall
consider a mixture of two continua, a solid S1 and a ﬂuid S2. It is assumed that at any timet, each place in the
region of space is occupied by particles belonging to both S1 and S2. The motion of the solid and ﬂuid is rep-
resented by the mappingsxi ¼ viðXi; tÞ; i ¼ 1; 2 ð2:11;2Þ
where Xi denotes the reference positions of typical particles of S1 and S2.
These motions are assumed to be one-to-one, continuous, and invertible. The velocity vectors associated
with these motions arevi ¼ dvi
dt
; i ¼ 1; 2 ð2:21;2Þwhere d
dt denotes material time derivative.
The deformation gradient associated with the solid S1 is
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oX1
ð2:3Þand the mean velocity and the total density of the mixture are deﬁned, respectively, byqv ¼ q1v1 þ q2v2; ð2:4Þ
q ¼ q1 þ q2; ð2:5Þwhere q1 and q2 are densities of S1 and S2 at time t, measured per unit volume of mixture.
2.2. Mass conservation
When no interconversion of mass between S1 and S2 is assumed, the appropriate form for the conservation
of mass for the solid S1 is given byq1j detFj ¼ q10 ð2:6Þ
whereas, for the ﬂuid S2, the conservation of mass is given byoq2
ot
þ divðq2v2Þ ¼ 0 ð2:7Þand where q10 is the mass density of the solid before forming the mixture in its reference conﬁguration.
2.3. Linear momentum conservation, angular momentum conservation and surface conditions
The total stress tensor is deﬁned byT ¼ rþ p ð2:8Þ
where r and p denote the partial stress tensors associated with the solid and ﬂuid, respectively.
The mechanical interaction between the solid and the ﬂuid is accounted for by diﬀusive body force b. When
the external body force is neglected, the balance of linear momenta for S1 and S2 aredivr b ¼ q1
dv1
dt
; divpþ b ¼ q2
dv2
dt
ð2:91;2ÞThe balance of angular momentum for mixtures states that the total stress for the mixture is symmetric,
whereas the partial stresses are not necessarily symmetric; i.e.rþ p ¼ rT þ pT ð2:10Þ
For one, let p1 and p2 denote the surface traction vectors taken by S1 and S2. For another, let n denote the
unit outer normal vector at a point on the surface of the mixture region. Then, the partial stress tensors are
related to the partial tractions byp1 ¼ rTn and p2 ¼ pTn ð2:111;2Þ2.4. Thermodynamical considerations
In this section, we will quote the relevant results dealing with thermodynamical considerations without
mention of the laws of conservation of energy and the entropy equation inequality. We also assume that
the variation in the Helmholtz free energy of the system equals the work done by the system because we
are dealing with an ideal process where an inﬁnitesimal change in the state of the system is caused by a revers-
ible process at constant temperature (see Bowen, 1976 and Rajagopal and Tao, 1995 for details). The Helm-
holtz free energy per unit mass of the mixture is given byqA ¼ q1A1 þ q2A2 ð2:12Þwhere A1 and A2 are the Helmholtz free energy per unit mass of S1 and S2, respectively.
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r ¼ /1Iþ r; p ¼ /2Iþ p ð2:14Þwhere/1 ¼ q1ðA1  AÞ; /2 ¼ q2ðA2  AÞ; /1 þ /2 ¼ 0; ð2:15Þ
Eqs. (2.9) and (2.10) becomesdivr b ¼ q1
dv1
dt
; divpþ b ¼ q2
dv2
dt
ð2:161;2Þ
rþ p ¼ rT þ pT ð2:17Þ
The terms in Eqs. (2.13) and (2.14) which depend on /1 and /2 do not contribute to the equations of
motion or the total stress tensor.
3. Constitutive equations
For the present purposes, we assume that the solid S1 is transversely-isotropic with respect to the directions
of the ﬁbers. As an extension and following Rajagopal et al. (1986), the functional form of the Helmholtz free
energy per unit mass of the mixture is assumed asA ¼ A^ðI1; I2; I3; I4; I5; q2; hÞ ð3:1Þ
where h is the temperature and I1,I2,I3 are the principal invariants of B = FF
T deﬁned throughI1 ¼ trB; I2 ¼ 12½ðtrBÞ2  trB2; I3 ¼ detB ¼ ðdetFÞ2: ð3:21-3Þ
We consider here a transversely isotropic material in which the axis of transverse isotropy is in the direction
of a vector a0 in the reference conﬁguration. Then, I4,I5 are deﬁned as (Spencer, 1984)I4 ¼ a0Ca0; I5 ¼ a0C2a0 ð3:31;2Þ
where C = FTF.
We note also that a material line element with direction a0 in the reference conﬁguration has the direction of
a unit vector a in the deformed conﬁguration, wherekaa ¼ Fa0 ð3:4Þ
and ka is the stretch of the line element, given byk2a ¼ I4: ð3:5Þ
We restrict attention to a mixture of incompressible materials. This constraint in the case of mixtures leads
toq1
q10
þ q2
q20
¼ 1: ð3:6ÞUsing (2.6), (3.2)3 and (3.6), I3 can be expressed in terms of q2 by the relationI3 ¼ 1 q2q20
 2
ð3:7Þand thus, A can be expressed independent of I3.
Thus, in place of (3.1), we shall write for isothermal processesA ¼ AðI1; I2; I4; I5; q2Þ; ð3:8Þ
and by the use of standard arguments (Rajagopal et al., 1986), we derive the expressions of the partial stresses
and diﬀusive body force for each component of the ﬁbrous mixture as
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dij
þ 2q oA
oI1
þ oA
oI2
I1
 
Bij  oAoI2 BikBkj þ
oA
oI4
I4
 
aiaj þ oAoI5 I4
 
aiðBjkakÞ þ ðBikakÞaj
   ð3:9Þ
pij ¼ p q2q20
dij  qq2
oA
oq2
dij ð3:10Þ
bi ¼  pq10
oq1
oxi
þ q1
oA
oq2
oq2
oxi
þ a q1
q10
q2
q20
ðui  viÞ  q2
oA
oI1
þ oA
oI2
I1
 
dkl  oAoI2 Bkl
 
Bkl;i
þ q2 ½aiak;k þ ai;kak
oA
oI4
I4 þ ½aick;k þ ai;kck þ ciak;k þ ci;kak oAoI5 I4
 
ð3:11Þwhere p is a scalar which arises due to incompressibility constraint and the vector components ci is posed as
ci = Bikak. The constitutive parameter a accounts for a contribution to the interaction body force due to rel-
ative motion between the solid and the ﬂuid.
4. A prototype example
In this study, the ﬂuid inertia is neglected and only steady states for both the solid and ﬂuid phases are con-
sidered. A solid hollow cylinder which undergoes two successive deformations is considered and shown in
Fig. 1. With H0 considered as the opening angle of the sector-like cross-section, the cylinder is ﬁrst closed
and stretched in the axial direction, which induces a residual stress and then it is subjected to combined torsion
and radial expansion so that its outer surface in the deformed state is rigidly bonded to the inner surface of a
rigid hollow cylinder porous support (Fig. 1). In particular, is investigated the possible actions of he circum-
ferential displacement /(r) which deﬁnes the circular shear and the longitudinal displacement x(r) which char-
acterizes the axial shear. These particular shears are viewed as arising from surgical manipulation (suture
technique) during in situ prosthesis integration and/or particular situations (Cheref, 1998), such as arteries that
are subjected to axial forces, non necessarily uniform, caused by the surrounding tissue and to blood ﬂow-in-
duced shear forces due to wall-friction.
As the solid absorbs the ﬂuid and swells, the outer surface of the elastic cylinder remains ﬁxed whereas the
inner surface changes position. Consider a non-linearly elastic conduit and let us suppose that it undergoes a
deformation including torsion, circular and axial shearing. Such a mapping is described byr ¼ r Rð Þ; h ¼ p
H

 
Hþ Zwþ /ðrÞ; z ¼ Z þ xðrÞ ð4:1Þwhere (R,H,Z) are the co-ordinates of a material particle in the reference conﬁguration whereas (r,h,z) de-
notes the coordinates of the material particle in the deformed swollen conﬁguration. We denote by Ri and
ri, respectively, the inner surfaces of the cylinder in the reference state and in the deformed state (Re and re
are the outer surfaces). With respect to the cylindrical polar coordinates system, the physical components
of the deformation gradient tensor associated with the solid S1 is given by(i) (ii) (iii)
Fig. 1. Hollow pre-stressed cylinder in (i) stress-free, (ii) unloaded, and (iii) loaded state.
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dR 0 0
r dr
dR
d/
dr
p
Ho
r
R rw
dr
dR
dx
dr 0 1
0
B@
1
CA ¼
kr 0 0
krK1 pHo kh rw
krK2 0 1
0
B@
1
CA; ð4:2Þwhere K1 ¼ d/dr ;K2 ¼ dxdr and from which the Cauchy–Green tensors B and C are constructedB ¼
k2r k
2
rK1 k
2
rK2
k2rK1 ðkrK1Þ2 þ pH
 	2
k2h þ ðrwÞ2 rwþ k2rK1K2
k2rK2 rwþ k2rK1K2 ðkrK2Þ2 þ 1
0
BBB@
1
CCCA; ð4:3Þ
C ¼
ð1þ K21 þ K22Þk2r krK1 pH
 	
kh K1rwþ K2ð Þkr
krK1 pH
 	
kh pH
 	2
k2h rw
p
H

 	
kh
K1rwþ K2ð Þkr rw pH
 	
kh rwð Þ2 þ 1
0
BBBBB@
1
CCCCCA ð4:4Þand where kr ¼ drdR and kh ¼ rR are the stretch ratios in the r and h directions, respectively.
When no inter conversion of mass between S1 and S2 is assumed, the appropriate form for the conservation
of mass for the solid S1 is given byq1 detFj j ¼ q10; ð4:5Þ
and may be specialized asm ¼ ðdetFÞ1 ¼ 1 q2
q20
¼ H

pkrkh
; ð4:6Þwhere q10 and q20 are respectively the mass densities of the solid and the ﬂuid in the reference state, before
forming the mixture.
The ﬂuid ﬂow is assumed to be radial, axially symmetric, and independent of z. It follows that the non zero
component of the velocity is vr = v(r). For the ﬂuid S2, the conservation of mass is given by the following
equationoq2
ot
þ divðq2v2Þ ¼ 0; ð4:7Þand may be simpliﬁed, with respect to the steady-state diﬀusion hypothesis, asd
rdr
ðrq2vÞ ¼ 0: ð4:8ÞEq. (4.8) is integrated to yield rq2v = F, where F denotes the constant mass ﬂux trough a unit length of the
cylinder in unit time.
For the problem under consideration, the equilibrium for the solid and the ﬂuid constituents reduce todrrr
dr þ rrrrhhr  br ¼ 0;
drrh
dr þ 2rrhr ¼ 0;
drrz
dr þ rrzr ¼ 0;







 ð4:9Þ
dprr
dr
þ prr  phh
r
þ br ¼ 0: ð4:10ÞIt is also useful to record the representation for the total stress T ij ¼ rij þ pij. The combination of Eqs.
(4.91), and (4.10) yield to the following equilibrium equation for the mixturedT rr
dr
þ
T rr  T hh
r
¼ 0: ð4:11Þ
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solid and a solvent, is taken from borrowed from Gandhi et al. (1987). We consider here a transversely iso-
tropic material in which the axis of transverse isotropy is in the direction of a unit vector a0 = (0,cosu,sinu)
in the reference conﬁguration. Then, A,I1,I4 are deﬁned asA ¼ KðI1  3Þ þ KðI4  1Þ þ ~R#V 1 1mm
 
lnð1 mÞ þ vð1 mÞ ;
I1 ¼ ð1þ K21 þ K22Þk2r þ pH
 	2
k2h þ ð1þ r2w2Þ;
I4 ¼ pH
 	2
k2h cos
2 uþ p
H
 rwkh sin 2uþ 1þ r2w2
 
sin2 u:











ð4:12Þwhere K ¼ ~R#
3Mc
, ~R is the universal gas content, # is the absolute temperature, Mc is the molecular weight be-
tween cross links, V1 is the molar volume of the liquid and v is a mixing parameter which depends on the par-
ticular solid–ﬂuid combination.
For the deformation under consideration, the non-zero components of the partial stress tensors for the sol-
id and ﬂuid constituents are as followsrrr ¼ p q1q10 þ 2qKk
2
r ;
rhh ¼ p q1q10 þ 2qK pH kh
 	2
þ ðrwÞ2 þ ðK1krÞ2
 
þ 2qK p
H
 kh cosuþ rw sinu
 	2
;
rzz ¼ p q1q10 þ 2qKð1þ ðK2krÞ
2Þ þ 2qKðsinuÞ2;
rhz ¼ 2qKðrwþ K1K2krÞ þ 2qK pH kh cosuþ rw sinu
 	
sinu;
rrh ¼ 2qKðK1k2r Þ;
rrz ¼ 2qKðK2k2r Þ;
prr ¼ phh ¼ pzz ¼ p q2q20  qq2Aq2 :























ð4:13Þand the only non-zero component of the interaction body force vector is expressed asbr ¼  pq10
dq1
dr
þ q1
oA
oq2
dq2
dr
 q2K
d
dr
I1  a q1q10
q2
q20
v: ð4:14ÞEqs. (4.13) and (4.14) are ﬁrst substituted into the equilibrium equations for the solid and the mixture
(4.91), and (4.11), and then the scalar ﬁeld p is eliminated between the two equations in order to obtain an
equation for the deformation in terms of mass ﬂux.
For computational convenience, the non dimensional quantities (4.15) have been introduced in order to get
the equation of motion (4.16) in terms of the non dimensional coordinates in the reference conﬁguration,R^ ¼ RRi ; r^ ¼ rRi ; q^ ¼
q
q20
; q^2 ¼ q2q20 ; w^ ¼ Riw
q^1 ¼ q1q10 ; A^ ¼
q20
K
d
dq2
ðAÞ; n ¼ KK ; F^ ¼ a FKq2
20
;






 ð4:15Þ
d
dR^
ðq^k^2r Þ þ
1
2
d
dR^
ð1þ K21 þ K22Þk^2r þ
p
H

 2
k^2h þ ð1þ R^2k^2hw2Þ
 !
þ 1
2
q^1
q^2
d
dR^
ðq^q^2A^Þ
 1
2
q10
q20
q^1
q^2
A^
d
dR^
ðq^2Þ þ
q^k^r ð1 K21Þk^2r  pH
 	2
þ w^2R^2
 
k^2h
 
R^k^h

q^k^rn pH
 	
cosuþ R^w^ sinu
 	2
R^k^h
þ 1
2
q^1
q^2
k^r
R^k^h
F^ ¼ 0: ð4:16ÞIn arteries, the orientation and distribution of each ﬁbrous constituent varies with species and location
along the vascular tree (Bader, 1963; Cheref, 1998). However, in general, the smooth muscle in elastic arteries
tends to be oriented helically, often circumferential, and organized into concentric layers. Similar to elastic
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cumferential. In both cases, the smooth muscle lies in a connective tissue network which serves to augment the
structural integrity of the wall (Humphrey et al., 1989; Cheref, 1998; Burton, 1967; Driessen et al., 2004).
With the assumption that the solid material is locally transversely isotropic, the ﬁbres orientation angleu,
and hence a0, varies with radial location as uðR^Þ ¼ u0ð1 2ðR^ 1ÞÞ. Eq. (4.9)2,3 have been solved for both the
circular and axial shear stresses distribution respectively, in order to obtain the expression of the local shear
measures as a function of the non-dimensional moment per unit length M^1 and the axial force per unit length
M^2:K1 ¼ 1
2q^k2r
M^1
r^2
;K2 ¼ 1
2q^k2r
M^2
r^
: ð4:17ÞA complementary equation concerns the compatibility conditiondk^h
dR^
¼ k^r  k^h
R^
: ð4:18ÞA diﬃculty with the theory of mixtures is that there is no clear physical guidance for specifying the partial
tractions. This diﬃculty has conducted Rajagopal et al. (1986) to suggest a new method, based on the assump-
tion that the boundary of the mixture is in saturated state, for generating appropriate additional boundary
conditions for a class of boundary value problems. This method has been extended to the case of reinforced
nonlinear solid–ideal ﬂuid mixture (Ramtani, 2003, 2006). For problem under consideration, we shall assume
that the inner and outer surfaces of the hollow cylinder mixture region are in contact with the ﬂuid and are in
saturated state. This leads to the following boundary conditionsSrrðR^ ¼ 1Þ ¼ qi and SrrðR^ ¼ aÞ ¼ qe; ð4:19Þ
where a ¼ R^e
R^i
, qi, qe are the ﬂuid pressure on the inner and outer surfaces of the cylindrical mixture, respective-
ly; and Srr represents the radial stress component for a saturated state, and is given bySrr ¼ q20Aþ q
oA
oq2
ðq20  q2Þ
 
þ 2q oA
oI1
 
Brr: ð4:20ÞLet re denote the inner radius of the rigid porous support (see Fig. 1). For our calculations one imposes the
conditionre ¼ rðReÞ ¼ Re: ð4:21Þ
The adopted numerical solution procedure is summarized in what follows but the details can be found in
the reference paper Gandhi et al. (1987). Since re is speciﬁed, kh(a) is known from the tangential stretch ratio
deﬁnition. From a speciﬁed value of qe, kr(a) is solved from Eq. (4.19)2. The system of Eqs. (4.16), (4.17), (4.18)
are then integrated from R^ ¼ a to R^ ¼ 1, giving k h(1) and kr(1). These values are then substituted into (4.19)1
to determine qi.
5. Results and discussion
In the human body, water passes continuously from the bloodstream across the walls of the blood vessels to
the regional lymphatics as a result of a hydrostatic pressure diﬀerence, carrying with it some of the plasma
solutes (Bader, 1963; Colton et al., 1972). In order to give some results that can provide useful insight into
the inﬂuence of the pre-stress on the radial diﬀusion of the ﬂuid, the material constants for this prototype
problem, are those measured by Paul and Ebra-Lima (1970) in their experiments of toluene diﬀusing through
rubber (see Table 1) previously used by Gandhi et al. (1987) and Rajagopal and Tao (1995) in their numerical
simulations. Before varying some of them, certain parameters are ﬁxed in Table 2.
We ﬁrst focus our attention on the study of the variation of the trans-mural pressure Dq ¼ qiqeq20K on the inner
and outer surfaces of the cylinder with respect to various parameters. Results representing dimensionless pres-
sure diﬀerence versus dimensionless applied ﬂux for diﬀerent values of the opening angle OA ¼ 2ð180 H Þ
Table 1
Material constants from (Paul and Ebra-Lima, 1970)
q10 q20 V1 MC ~R a # v
0.862 gm/cc 0.869 gm/cc 106 cc/mol 9151 gm/mol 8.317 · 107 dyne cm/mol K 13.42 gm/day cm 303.16 K 0.45
Table 2
Variable parameters
H u n a F^ qe M1 M2
p p/4 10 1.10 150 0.00 0.00 0.00
S. Ramtani / International Journal of Solids and Structures 44 (2007) 4819–4829 4827and circular shear M1 are shown Fig. 2. One can observe the beneﬁt eﬀect due to these two parameters.
Indeed, the absence of pre-stress (H  = p) leads to a nonlinear dependency which is drastically reduced when
increasing the pre-stress or adding circular shear M1.
The dimensionless pressure diﬀerence as a non linear function of the initial orientation of the ﬁbres u is
shown Fig. 3 for the ﬁxed values given in Table 2, an applied ﬂux F^ ¼ 150 and H = p. One observes identical
increasing pressure diﬀerence with respect to increasing ﬁbre’s orientation when circular or axial shears are
combined or not, and equal to 1. However, this tendency is completely inverted for high values of circular
shear (M1 = 5). It is clear within sight of this result, that the trans-mural pressure is ﬁbres orientation depen-
dent. Then, it is important to incorporate this parameter during the manufacture of a reinforced prosthesis or
reinforced systems of ﬁltration.
In order to complete this analysis, the dimensionless pressure diﬀerence versus circular and axial shears is
shown Fig. 4 for ﬁxed parameters given in Table 2. One notes a strong discontinuity in the pressure-diﬀerence
Dq with respect to the applied circular or axial shears.Fig. 2. Dimensionless pressure Dq versus dimensionless ﬂux F^ for the parameters given in Table 2.
Fig. 3. Dimensionless pressure Dq versus initial orientation of the ﬁbres u for the parameters given in Table 2.
4828 S. Ramtani / International Journal of Solids and Structures 44 (2007) 4819–4829Figs. 5 and 6 show the variation of the stretch ratios for diﬀerent parameters such as twist angle w, circular
and axial shears M1 and M2, respectively. When analyzing the results given in Fig. 5, one can observe that:
• In the absence of pre-stress, the spatial distribution of the radial stretch is decreasing and sensitive to
applied torsion w whereas it remains insensitive to shear’s eﬀect.
• Applying a pre-stress leads to a substantial fall of the radial stretch values with a decreasing spatial distri-
bution. Without torsion, this eﬀect is not accentuated anymore by the presence of the shears. When the
twist angle is combined to shears, it has a rather beneﬁt consequence in decreasing the radial stretch values
and while making its distribution more uniform.
Circumferential stretch ratio distribution khðR^Þ with respect to diﬀerent situation is presented in Fig. 6. One
can remark that:
• Without pre-stress, the values of khðR^Þ are less than one due to inward motion of the cylinder caused by
swelling. Introducing shears does not perturb this motion contrarily to the presence of pre-stress or torsion.Fig. 4. Dimensionless pressure Dq versus circular and axial shears M1, M2 for the parameters given in Table 2.
Fig. 5. Radial stretch ratio krðR^Þ versus dimensionless reference position R^ for the parameters given in Table 2.
Fig. 6. Circumferential stretch ratio khðR^Þ versus dimensionless reference position R^ for the parameters given in Table 2.
S. Ramtani / International Journal of Solids and Structures 44 (2007) 4819–4829 4829• For the pre-stressed conduit, additional torsion eﬀect leads to circumferential stretch values smaller than
one but close to one. In addition, one can see again that circumferential stretch ratio remains insensitive
to shear’s eﬀect.
Results of the numerical solution enable the construction of the pressure diﬀerence-ﬂux relations, which
have been shown to be sensitive to both shears and pre-stress. In the same way, relations dealing with pressure
diﬀerence-initial ﬁbres orientation and pressure diﬀerence versus axial and circular shear are also proposed.
Even if the results concern a prototype problem, a number of interesting results are obtained that provide use-
ful insight into the inﬂuence of the pre-stress on the diﬀusion of the ﬂuid, problem which was not dealt with
before. However, this study is limited to an ideal ﬂuid diﬀusing through a non-linearly solid. In addition, it
would be quite inappropriate to apply the results of this contribution to problems which are not close to sat-
urated equilibrium state. The author believes that this work brings new elements, and will provides a basis for
investigating various aspects with problems involving other types of mixtures such as speciﬁc biomaterials for
which there is a great need for understanding some pathological situations.
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